Abstract-The JLEIC is a proposed new machine for nuclear physics research. As designed, it will deliver from 15 and 65 GeV center of mass energy collisions between electrons and nuclei. It uses the existing CEBAF accelerator as a full energy injector to deliver electrons into a new electron collider ring. A new ion accelerator and collider complex will deliver up to 100 GeV protons, or 40 GeV/nucleon ions. The machine will have luminosity goals of above 10 33 cm −2 s −1 in the whole energy range with a maximum of a few 10 34 cm −2 s −1 . The machine has room for two interaction regions with only one initially installed. The crossing angle in the primary interaction region will be 50 mrad. The whole detector region including forward detection covers about 80 m of the JLEIC complex. This paper will describe the requirements and preliminary designs for both the ion and electron beam magnets in the complex 32-m-long interaction region around the interaction point. The interaction region has over 37 superconducting magnets operating at 4.5 K; these include dipoles, quadrupoles, skew-quadrupoles, solenoids, horizontal and vertical correctors, and higher order multipole magnets. The paper will also discuss the electromagnetic interaction between these magnets.
I. INTRODUCTION

T HE Jefferson Lab Electron Ion Collider (JLEIC) (
) is a proposed new machine that uses the existing CEBAF (Continuous Electron Beam Accelerator Facility) presently upgraded to provide 12 GeV electrons [1] , as an electron injector, ion source linac, figure of eight ion booster, and a unique figure of eight shape for the collider rings [2] . The electron ring consists of normal conducting magnets and stores an electron beam of 3 to 12 GeV energy and up to 3A average current. The CEBAF will serve as a full-energy injector into the electron ring, and requires no upgrade for energy, beam current or polarization. The ion collider ring will consists of 3T superconducting dipole magnets and stores a proton beam with energy of 30-100 GeV, or fully-stripped ion beam up to 40 GeV per nucleon [2] , [3] . The proton and ion beams are generated and accelerated in a new ion complex. The two collider rings are stacked vertically and have nearly identical circumferences of approximately 2.25 km, and therefore are housed in the same underground tunnel next to the CEBAF facility [2] . CEBAF at Jefferson Lab was successfully upgraded to 12 GeV recently [3] . The unique figure-8 shape of the JLEIC collider rings is chosen for an optimization of preservation of ion spin polarization during acceleration in the booster and collider rings as well as during beam store. The electron and ion collider rings intersect at one point (interaction point-IP) in each of two long straights of the figure-8 and thus can accommodate two detectors. Initially only one detector is being designed, the second detector will be designed later. The detection regions extend about 32 m in either direction; this region is called the Interaction Region (IR). The JLEIC interaction region contains a full acceptance detector. The central detector is built around a 4 m long main detector solenoid; this solenoid extends 2.4 m on the downstream ion side and 1.6 m on the other side. The IR layout is shown in Figure 2 . The biggest challenge in the IR area is to accommodate all the magnets in the space available, both the beam lines are at a 50 mrad angle, the magnet-magnet interaction is strong and both the beam lines need shielding from the field of the other beam line magnets.
This paper mainly focusses on the physical size of the magnets, peak fields in the magnet, and magnet-magnet interaction. Since the lattice design is still evolving and might impact these magnet parameters, detailed design and analysis has not been performed for these magnets. The higher order multipoles are 1051-8223 © 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information. also not considered at this point of time, as the higher order multipoles are not well defined from the beam physics aspect.
II. MAGNET REQUIREMENT
The Interaction region being considered has six distinct areas as shown in Fig. 2 -(1) Detector Solenoid, (2) SB1 dipole, (3) SB2 dipole, (4) Ion entrant side, (5) Electron entrant between the SB1 and Detector Solenoid, and (6) Ion down beam between the two dipoles. Our magnet design work so far has focused on the three beam transport areas (4, 5, and 6 in Figure 2) .
A preliminary design has been completed for all the quadrupole, skew quadrupole, correctors, solenoid (except the main detector solenoid) and higher order multipole magnets. The design specifications for all magnets are given in Table I . The higher order multipole magnets are not included in this table, as the requirements for these magnets are still being finalized. The inner radius is the inner radius of the beam pipe and outer radius is the upper limit of the radius for the magnet structure.
In the IR, there are 6 main quadrupole magnets in the electron ring and 6 in the ion ring. The electron ring skew-quadrupoles and ion ring upstream skew-quadrupole are combined with the main quadrupoles, but the downstream skew-quadrupole on the ion beam will be independent. All the quadrupole and skew quads are "cosine-theta" based designs. There will be some higher order multipole magnets consisting of sextupoles, octupoles, decapoles, and dodecapoles; the number of and specification of these magnets have not yet been finalized. There are 4 solenoid magnets in the IR (excluding the main detector solenoid), 3 of which are identical while the 4th one has a larger bore. Along with these there will be additional horizontal and vertical corrector magnets.
III. MAGNET DESIGN
Preliminary electromagnetic design has been completed for all the IR region magnets. The OPERA simulation software from Cobham [4] has been used for all electromagnetic (EM) simulations. ANSYS Maxwell [5] has been used to calculate the EM forces in the coils and the ANSYS stress solver has been used for preliminary stress analysis for one of the magnets. The OPERA simulation software has the capability of calculating the field using Biot-Savart's law for the coil only model; therefore, results are accurate and quick when there is no non-linear material in the model. ANSYS Maxwell results are mesh-dependent and several iterations on mesh size are needed to obtain results similar to those from OPERA, and, as a consequence, the optimization process with ANSYS Maxwell requires more time. The optimized mesh size from EM simulations is then adopted for further analysis in ANSYS Maxwell and the ANSYS Stress module. The OPERA optimizer module is used for initial optimization for some of the magnets, and ROXIE [6] , the optimization tool from CERN, will be used for further optimization of the coil geometry.
A. Electron Beam IR Quadrupole
The electron beam has 6 main quadrupoles, all of which have the same magnetic length but different field gradients, varying from 13.63 T/m to 44.78 T/m for electron energies of 10 GeV. A common coil design is used for these 6 quadrupoles; operating at different currents for the different required gradients. The designs are also capable of supporting the higher gradients required for 12 GeV operations. The peak field in the coil is approximately 3.5 T, as shown in Fig. 3 . These coils will be optimized further with a suitable conductor and manufacturing plan. The coils will either be operated at about 600 A and will use standard MRI NbTi conductor (e.g., 1.625 mm × 1 mm rectangular conductor) or at about 4000 A and will use 9.73 mm × 1.2 mm Rutherford cable. All the electron beam quadrupoles will be operated between 4.5 K and 4.7 K. The detailed EM, mechanical and thermal analyses as well as the risk & cost-benefit analysis will be carried out in the next phase of the project.
B. Ion Beam IR Quadrupole
The ion beam has 6 main quadrupoles, 3 upstream and 3 downstream. The upstream quadrupoles have a relatively small aperture compared to the downstream quadrupoles, but all the upstream quadrupoles have higher field strength than the downstream ones. All these quadrupoles have different Table I ).
The coil peak fields for all the Ion beam IR quadrupoles are relatively high, suggesting that all (or most of) these magnets may require Nb 3 Sn conductor to be able to operate at 4.5 K. The conductor is envisaged to be stranded, Nb 3 Sn cable with 20-30 strands per cable using 0.7 mm diameter strands. This type of Nb 3 Sn conductor is also being used for the LARP magnets [7] , and is a proven conductor. The detailed conductor stability calculations will be completed after further optimization of the coil cross section. All of these magnets will be operated between 5 kA and 8 kA.
All the upstream quadrupoles have a Good Field Radius (GFR) of 30 mm with a required beam aperture radius of 40 mm and are thus designed to have a cold bore with an inner radius of 45 mm. The middle quadrupole on the upstream end, QFFB2_US, requires a high gradient of 149 T/m. This coil design will require further optimization to reduce the peak fields from the present value of 8T. The coil layout for QFFB2_US is shown in Fig. 4 .
The first quadrupole on the downstream side, QFFB1, requires a gradient of 88 T/m and a beam aperture radius of 8.5 cm. The middle quadrupole, QFFB2, requires a gradient of 51 T/m and has a beam aperture radius of 12.6 cm. These two quadrupoles are the strongest magnets in terms of field gradient and aperture requirements. The peak field in the QFFB2 coil is approximately 10.3 T (as shown in Fig. 5 ). This magnet has been optimized using the OPERA optimization module; the optimized design is discussed later. A preliminary stress analysis has been carried out for the QFFB2 magnet, as this has a combined high gradient/ large aperture requirement. ANSYS Maxwell has been used to calculate the EM (Lorentz) forces in the coils, with the magnetic field results from ANSYS Maxwell being very comparable to those from OPERA. The 1/16th ANSYS FEA model used for the analysis is shown in Fig. 6 . For this preliminary analysis, isotropic material properties were used. The following assumptions were made -Key 1 and Key 2 are Titanium, while inner and outer keys are G10 and titanium respectively. The von-Mises stress in the coil near the ends is shown in Fig. 7 .
This preliminary stress analysis was carried out prior to the full optimization of the coils. Detailed structural analysis will be performed for the optimized design in the next phase of the project. The maximum von-Mises stress is 185 MPa after cool down and 180 MPa with the coil energized to the maximum operating current. The results from this study have been compared with quadrupole magnets (MQXF) that have already been manufactured and tested by CERN [7] , as given in Table II . 
C. Skew Quadrupoles
Electron ring skew-quadrupoles are combined with the main quadrupole. The ion ring upstream skew quadrupole will be nested on top of the main ion beam upstream middle quadrupole, (QFFB2), and the ion ring downstream skew-quadrupoles will be independent magnets. The peak coil field in the ion ring upstream skew quadrupole is shown in Fig. 8 (this field is calculated with the main quadrupole energized to full current). The peak field in the Ion upstream skew-quad is 4.6 T. The peak field in the main quad increases by 0.02 T in the presence of the skew-quad.
The magnetic field in all the skew quadrupoles coils is relatively low to moderate (1 T to 5 T), thus all magnets can use NbTi conductor and will be operated at 4.5 K. The conductor is envisaged to be standard MRI rectangular conductor or standard round conductor.
D. Solenoid Magnets
There are 4 solenoid magnets in the IR, 3 of which will be identical magnets, (2 for the electron beam, and one for the upstream ion beam). The 4th solenoid will be located towards the downstream ion beam, and has a slightly lower central field but a larger bore. The small bore solenoids have a central field of 6T with an inner coil radius of 60 mm. The larger bore solenoid has a central field of 3.6 T with an inner coil radius of 190 mm.
All these solenoids will be wound with NbTi conductor and operated at 4.5 K. The solenoid magnets will be operated nominally at 400 A and will use standard MRI NbTi conductor (e.g., 1.625 mm × 1 mm rectangular conductor). The detailed conductor design and selection will be completed after further optimization incorporating shielding requirements.
E. Corrector Magnets
The corrector magnets IPUSCORR1 and IPUSCORR2 have slightly different field requirements. Both these corrector magnets require B x and B y fields (as shown in Table I ). Additionally IPUSCORR1 has both field components negative while IPUS-CORR2 has both components positive. But for convenience, both these magnets shall be designed and manufactured as identical units. The peak field in this corrector magnet is approximately 3.5 T; therefore NbTi conductor shall be used.
F. Magnet Optimization
The design summary of the IR magnets is presented in Table II , and includes some of the magnets which have undergone some preliminary EM optimization to reduce the peak fields in the coils while maintaining the gradient and magnetic length. The ion beam quadrupole QFFB2 has been optimized further.
The VF Opera optimizer has been used for this EM optimization exercise. The optimizer is integrated with Opera and uses an optimization algorithm that combines deterministic and stochastic methods to solve single and multi-objective optimization problems. After optimization (by systematic variation of coil length and gap between coils), the peak field in the QFFB2 coil reduces to 8.8 T from 10.3 T. A similar magnitude of field reduction may be possible for all other magnets upon optimization.
This magnet will require further optimization to minimize the higher order multipole components after finalizing the conductor design. The optimization is an iterative process -once the first phase of EM optimization is complete, a mechanical analysis will be carried out and the results might suggest that a second phase of electromagnetic and mechanical optimization is required.
G. Magnet-Magnet Interaction and Shielding
There are more than 30 different magnets in the IR region, many of which are located in close proximity to each other. These magnets will have some level of electromagnetic interaction with one another. In order to study the magnet-magnet interactions, the following combinations were selected for the initial study:
i. QFFUS1 with Ion beam line ii. QFFB2 with electron beam line iii. QFFB1, QFFUS3 and EL SOL_ANTI_US iv. QFFDS2 and QFFB1_US In this paper Part (i) and (ii) studies are presented. The QF-FUS1 magnet is very close to the ion beam line, especially at one end. The effect of this magnet on the ion beam is simulated using VF Opera. A number of options were studied to shield the ion beam from QFFUS1: (i) ion beam tube wrapped with 5 mm mild steel passive shield (ii) the vacuum vessel for the QFFUS1 is assumed to be made of mild steel, and (iii) a combination of the above two options. Fig. 9 shows the layout of this magnet in the lattice. Fig. 10 shows the coils with a passive shield around the ion beam, and the mild steel vacuum vessel around the QFFUS1 coils. Fig. 11 shows the magnetic field on the ion beam axis for the options described above.
It is clear from the plots above, that using only a mild steel vacuum vessel for QFFUS1 as a shield is not adequate. It only reduces the field on the ion beam from 972 G to about 640 G. The 5 mm passive shield on the ion beam significantly reduces the field from QFFUS1 at the ion beam to ∼13G and using a combination of this 5 mm passive shield and using a mild steel vacuum vessel, reduces the field to ∼7G. Since all the electron IR quads have the same design and have strengths less than 45 T/m, a 5 mm iron shield could be used on the ion beam in order to shield the field from these quadrupoles.
The position of QFFB2 in the lattice is shown in Fig. 12 . There is one corrector magnet and 2 transport quadrupoles in the electron beam in that area, but all these magnets are small in diameter and low in strength, therefore, these have not been simulated with QFFB2 for now. This magnet is simulated with return yoke thicknesses of 200 mm and 250 mm around the magnet, an active shield around the magnet, and a combination of iron yoke and an active shield coil.
The 200 mm thick return yoke reduces the field on the electron beam axis and increases the field at the magnet axis, therefore, the coil current and hence peak field in the coils will be lower with a return yoke. But as this thick, yoke may not completely shield the field on the electron beam, two more simulations are done (i) splitting the 200 mm shield into two sections with a 10 mm gap and (ii) increasing the yoke thickness to 250 mm (236 mm is the minimum shield thickness calculated using the 'design-bounds' tool developed at JLab based on equations developed by E. Todesco and L. Rossi [8] - [10] ). Increasing the yoke from 200 mm to 250 mm reduces the peak field on the electron beam from ∼800 gauss to ∼250 gauss. However even with 250 mm the resultant magnet structure may have interferences with the electron beam line and electron transport magnets, so further thickening of the yoke may not be practical. More detailed designs will be required to further explore the space available for the yokes.
The active shield coil is based on Brett Parker's shield coil philosophy [11] ; it can fit inside QFFB2 and avoids interference with the electron beam line. The active shield reduces the main field of the coil as well (to about 90%), and in order to get the required gradient, coil operating current will have to be increased. Fig. 13 shows the field on the electron beam axis with and without shielding, various options have been studied -without return yoke, one 200 mm thick iron return yoke, two sections of iron return yoke, one 250 mm thick iron return yoke, coil only model + shield coil, and active + passive shield. The results suggest that both the coil-only model + shield coil, and active + passive shield look promising.
It is clear from the above studies that the effect of one magnet on another magnet can be nullified using a combination of passive and active/ shielding components.
Another option for shielding could be to use a superconducting shield; this option is being investigated under a SBIR proposal by "Particle Beam Lasers Inc." in collaboration with Brookhaven National Laboratory (BNL) [12] . JLab is following that research and will investigate the use of superconducting shields.
IV. DESIGN SUMMARY
Preliminary designs have been completed for all the quadrupole, skew quadrupole, correctors, solenoid and higher order multipole magnets. Most of these magnets have only had preliminary optimization for electromagnetic performance. The maximum peak field in the coils before optimizing is 11.5 T, which is comparable to some of the LARP high gradient quadrupole magnets [7] . The bore aperture of some of these magnets is larger than the LARP magnet, but preliminary stress analysis shows that the peak stresses are comparable to those of the LARP magnet. The design summary for all the magnets studied thus far is shown in Table III .
The magnets for both ion and electron beam lines are all based on cold bore designs. This is primarily to lower the field requirements on the ion beam quadrupoles. The magnets in the electron beam line could be either warm or cold bore. The cold bore designs reduce the radial space required, and this is an additional advantage, especially for the magnets which are closer to the IP. The conceptual cryostat designs for all these magnets are presented in a separate paper [13] .
V. CONCLUSION AND OUTLOOK
Preliminary designs for all the magnets in the interaction region are complete. The magnets in the interaction region are very close to each other and influence the field and gradient of other magnets. The effects of passive shielding, active shielding and a combination of passive and active shielding have been studied. The study shows that the effect of one magnet on another magnet or other beam line can be nullified.
An alternative option for shielding could be the use of mumetal or a superconducting shield. Both of these options will be explored in the next phase of the project.
The interaction between the detector magnets, main detector solenoid, two dipoles, and the transport magnets remain to be studied.
